A GA biosynthesis inhibitor, uniconazole, caused many shrunken embryos when it was supplied to cultured carrot ( Daucus carota L.) cells at the induction of somatic embryos. The abnormality was prevented by exogenous GA 1 or GA4. To analyze the status of GA biosynthesis during somatic embryogenesis, expression patterns of newly isolated genes encoding GA biosynthetic enzymes, two GA 20-oxidases, three GA 3-oxidases, and two GA 2-oxidases were observed by using a semi-quantitative reverse-transcriptionpolymerase chain reaction with gene-speciˆc primers. Transcript levels of GA 20-oxidases and GA 2-oxidases did not change greatly during development of the somatic embryo. On the other hand, drastic changes were found in three GA 3-oxidase genes. Strikingly, expression of a GA 3-oxidase gene, DcGA3ox2, was elevated once in somatic embryogenesis, but not in the non-induced suspension cells. The enzymatic functions of these gene products were also conˆrmed using recombinant proteins expressed in Escherichia coli. Our results indicate that GA biosynthesis is required for carrot somatic embryogenesis.
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Key words: GA biosynthesis; carrot; somatic embryogenesis Development of a somatic embryo is a very complex physiological event, and many studies have been focused on contributions of phytohormones. 1) The roles of auxin and cytokinin were investigated very well for several plant somatic embryos. 2, 3) However, we do not have a complete understanding on whether other phytohormones also play important roles in induction and W or development of somatic embryos. Especially, the involvement of gibberellin (GA) is not conclusive, because its eŠects vary in diŠerent tissues and species. For example, exogenously applied GA3 stimulated embryogenesis in immature cotyledon cultures from chickpea, 4) geranium hypocotyls cultures, 5) and Medicago sativa tissue cultures. 6) In the geranium and Medicago cultures, GA biosytnthesis inhibitors such as paclobutrazol inhibited embryo production. 6) Whereas, exogenous GA3 suppressed embryogenesis in Citrus ovular calli, while two GA biosynthesis inhibitors, 2-chloroethyl trimethylammonium chloride and succinic acid 2,2-dimethylhydrazide, stimulated the development, 7) although both chemicals have been known to be not speciˆc for GA biosynthesis. 8) Endogenous levels of GAs in Citrus nucellar callus did not signiˆcantly change during the initial stages of the embryogenesis. 9) In carrot, exogenous GA3 did not aŠect the number of embryos formed in the globular and early heart stages but caused a decrease of the heart-and torpedo-shaped embryos. 10) In contrast, Tokuji and Kuriyama 11) reported very recently that GA3 inhibited embryogenesis at the globular stage, and uniconazole promoted the secondary embryogenesis when embryos were induced directly from hypocotyl segments. In 1979 and 1982, Noma and his colleague identiˆed several GAs including GA1, D 1(10) GA1 counterpart, GA4, and GA7 by GC-MS from carrot somatic embryos. 12, 13) Somatic embryos had low levels of polar GA (e.g. GA1-like), much higher levels of less-polar GA (GA 4 W 7 ) which dramatically increase during the embryogenesis. These molecules were also found in undiŠerentiated cells from a non-embryogenic cell line.
Immature seeds from several plant species contain relatively high amounts of a set of GA biosynthetic enzymes and their mRNAs. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Some evidence has been accumulating that suggests GA plays in the formation and development of zygotic embryos. For instance, relatively high levels of GAs were observed in an early stage of zygotic embryos in stenospermocarpic grape 24) and maize. 25) In the former plant, a GA biosynthesis inhibitor, uniconazole, inhibited the seed maturation. Existence of active GA is closely related to seed maturation and its abortion in pea plants. A GA biosynthesis mutant, the lh mutant, is blocked at three oxidation steps from ent-kaurene to ent-kaurenoic acid, 26) and young seeds homozygous for the lh mutation have reduced GA levels including GA1 and GA3 a few days after anthesis, and are more likely to abort during development, and fertilizing mutant seeds with wild type pollen restored both GA levels and seed survival. 27) In vitro cultures of young zygotic embryos from several plant species have suggested that active GAs may be involved in zygotic embryo growth. 28) In this paper, to clarify the role of GA in carrot somatic embryogenesis, we analyzed the eŠects of a GA biosynthesis inhibitor, uniconazole, on the development of somatic embryos. And, in order to estimate the GA biosynthesis during somatic embryogenesis, we isolated cDNAs encoding GA biosynthetic enzymes, including GA 20-oxidase, GA 3-oxidase, and GA 2-oxidase, which belong to the 2-oxoglutarate-dependent dioxygenase family (Fig. 1 ). Expression patterns of these genes were analyzed by using semi-quantitative RT-PCR to show that genes for GA 3-oxidases are highly regulated in somatic embryogenesis. These results indicate that GA is essentially required for carrot somatic embryogenesis.
Materials and Methods
Plant materials and induction of somatic embryos from cultured cells. Carrot ( Daucus carota L. cv US-Harumakigosun) seeds were purchased from Yokohama Ueki Co. (Yokohama, Japan). Suspension cell cultures were initiated from several monthsold calli that had been formed from 10-day-old hypocotyls segments on MS-agar medium 29) containing 2,4-D (1 mg W l). Cell clusters were subcultured every 10 days for several months in 300 ml of MS medium containing 2,4-D (1 mg W l) in 500-ml ‰asks on a gyratory shaker (80 rpm) at 259 C in the dark. Induction of somatic embryos was basically conducted as described by Satoh et al. 30) Cell clusters which passed through a 63-mm stainless steel sieve and were retained on a 38-mm sieve were collected and rinsed three times with MS medium without 2,4-D. They were then inoculated at a density of 0.2 ml packed cell volume at 100×g (PCV) per liter of MS media. Two hundreds ml of the suspension in 500-ml ‰asks were cultured on a gyratory shaker (80 rpm) at 259 C in the dark. Somatic embryos at diŠerent morphological stages were harvested at the proper time after starting of the embryo-induction, i.e. at 0-day (inoculation time), 8-day for globular-shaped embryos, 10-day for heart-shaped embryos, and 12-day for torpedo-shaped embryos, respectively. To collect homogenously developed embryos, embryos with similar longitudinal length were harvested by using stainless steel sieves. Globular-shaped embryos (longitudinal lengths are from 100 to 200 mm), heartshaped embryos (200-500 mm), and torpedo-shaped embryos (more than 800 mm) were collected and used in the experiments described below.
A GA biosynthesis inhibitor, uniconazole (Uniconazole-P, Wako Pure Chemical Ind., Osaka, Japan), or combination of uniconazole and active GA (GA1 or GA4) was used to treat a cell suspension during the induction of somatic embryos. These chemicals were dissolved in DMSO for making stock solutions, and they were added to induction medium at aˆnal concentration of 10 -7 M. Collected cell clusters were inoculated at a density of 0.2 ml PCV per liter, and incubated under the same conditions as described above.
Isolation of cDNA clones encoding GA biosynthetic enzymes. PCR was done to isolate cDNA fragments encoding GA biosynthetic enzymes. Designs of degenerate primers for GA 20-oxidase, GA 3-oxidase, and GA 2-oxidase genes were based on conserved amino acid regions found in diŠerent plant species. Degenerate primers for GA 20-oxidase and GA 3-oxidase genes were those described previously. 31, 32) For GA 2-oxidase, primers used were 5?-TTYGGNGARCAYACNGA-3? (sense) and 5?-CC-RTTNGTCATNACYTG-3? or 5?-CCNSCRAAR-TADATCAT-3? (antisense). Total RNAs from suspension cells and combined somatic embryos from diŠerent stages were prepared by the SDSphenol method. 32) Single-stranded cDNA was synthesized from poly(A) ＋ RNA puriˆed according to the methods described previously. 32) About 10-20 ng of each double-stranded cDNA was used as a template for the PCR. Fifty ml of the reaction mixture contained 200 mM deoxyribonucleotide triphosphates, 1.5 mM MgCl2, 1 mM of each primer, and 2.5 units of Expand HF (Boehringer Mannheim, Mannheim, Germany). Samples were heated to 959 C for 2 min, then put through 40 cycles of 949 C for 1 min, 459 C for 1 min, and 729 C for 1 min, with aˆnal extension for 7 min. Other basic procedures for molecular cloning were according to``Molecular Cloning -3rd ed.-''. 33) Nucleotide sequencing. Nucleotide sequences were analyzed using a Taq-cycle sequencing kit (Dye Primer, Applied Biosystems) and a DNA sequencer (model ABI PRISM 310, Applied Biosystems).
PCR of 5? ends of cDNA. 5?-RACE was done using a cDNA ampliˆcation kit (Marathon, Clontech, Palo Alto, CA, USA). Theˆrst-strand cDNA was synthesized from poly(A)
＋ RNA using each 5?-TATGACTGATATTATTTGCGG-3?, DcGA2ox2 antisense; 5?-CAAGATGGTCAAGAT-CTGAGG-3?). The PCR conditions were the same as described above except that the annealing temperature was 659 C. The design of the gene-speciˆc primers was based on the nucleotide sequence of each PCR fragment.
PCR of 3? ends of cDNA. First-strand cDNA was synthesized from poly (A) ＋ RNA using a dT primer incorporating the sequence of the AP1. After treatment with RNase H for 20 min at 379 C, cDNA was put through the PCR using the AP1 and the genespeciˆc primer (for DcGA20ox1 sense, 5?-GGCGA-CACTTTGATGGCTAT-3?, for DcGA20ox2 sense, 5?-TTTACCAAGATTACTGCAAC-3?, for DcGA3ox1 sense, 5?-GAAGACATTAACTGGTCTAGC-CTAG-3?, for DcGA3ox2 sense, 5?-TGAGGCTT-CTGGAGCTGCCT-3?, for DcGA3ox3 sense, 5?-TCAACTCATGACTCCAATAATGGAG-3?, for DcGA2ox1 sense, 5?-ATCACTGTTGATGACTGC-CTA-3?, for DcGA2ox2 sense, 5?-GTGTTAATGT-GGGT-3?).
Database search for sequence similarity and alignment of amino acid sequences. Database searches for homology of cDNA described in this paper were done using the Basic Local Alignment Search Tool of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov W BLAST W ). Alignments of amino acid sequences or drawing of phylogenetic trees were also done using the ClustalW program in GenomeNet (http://www.genome.ad. jp W ) or DDBJ (http://www.ddbj.nig.ac.jp W ).
Heterologous expression and enzyme assay. The full-length coding regions for the DcGA20ox1, DcGA20ox2, DcGA3ox1, DcGA3ox2, DcGA3ox3, DcGA2ox1, and DcGA2ox2 cDNAs were ampliˆed by PCR using EcoRI site-linked forward primer (5?-ATCGAATTCATGGCCACTTCTCAATCATC-3? for DcGA20ox1, 5?-ATCTCTAGAATGGCAGC-CTCAACATTCCT-3? for DcGA20ox2, 5?-ATC-GAATTCATGCTTACTGAAGAATCCTA-3? for DcGA3ox1, 5?-ATCGAATTCATGCCTTCAAGA-GTTTCAGA-3? for DcGA3ox2, 5?-ATCGAATTC-ATGAGTAATCTCTCCGAGGC-3? for DcGA3ox3, 5?-ATCGAATTCATGGTTGTCTTATCAC-AGCC-3? for DcGA2ox1, respectively) and a Sal I site-linked reverse primer (5?-ATCGTCGACCTAT-TCTCTGTTGTTTTTGG-3? for DcGA20ox1, 5?-ATCCTGCAGTCAATTTATAACATGTCCCT-3? for DcGA20ox2, 5?-ATCGTCGACTCATGATACT-ACATTTGGAG-3? for DcGA3ox1, 5?-ATCGTCG-ACTCAAAGCCTAAGAGAAGAAA-3? for DcGA3ox2, 5?-ATCGTCGACTTAAATCCTCACAAAG-GAAA-3? for DcGA3ox3, 5?-ATCGTCGACTCA-AGAAGGAGATTTTTCAA-3? for DcGA2ox1, respectively) for DcGA20ox1, DcGA20ox2, DcGA3ox-1, DcGA3ox2, DcGA3ox3, DcGA2ox1 or XbaI sitelinked forward primer (5?-ATCTCTAGAATGGT-CCTGGCAAGCCTAGC-3?) and a PstI site-linked reverse primer (5?-ATCCTGCAGCTAATCCCTG-GTTTCATCAT-3?) for DcGA2ox2, respectively. The PCR products were puriˆed by agarose-gel electrophoresis and ligated into a pCRII vector using the TA cloning kit (Invitrogen, San Diego CA). These ligation products were inserted into a suitable restriction site of pMAL-c2 (New England Biolabs, Beverly, MA, USA) and used to transform competent cells, Escherichia coli strain XLI-Blue. The transfected E. coli culture was inoculated into LB medium (NaCl 10 g W l, yeast extract 5 g W l, and bacto tryptone 10 g W l) containing ampicillin (50 mg W l). After incubation of the culture at 379 C for 3 h to reach the midlogarithmic phase of growth, isopropyl b-D-thiogalactoside (IPTG, aˆnal 0.5 mM) was added, and the culture was further incubated at 189 C for 22 h. Induction of recombinant proteins was conˆrmed by SDS-10z PAGE for whole cell proteins. Harvested cells by centrifugation were incubated with lysozyme (0.1 mg W ml) for 30 min on ice, sonication, and centrifugation, and the collected supernatants were used as crude extracts for each enzyme assay.
Crude extract was incubated with cofactors, such as 2-oxoglutaric acid (5 mM for GA 20-oxidase and GA 3-oxidase, 4 mM for GA 2-oxidase), ascorbic acid (5 mM for GA 20-oxidase and GA 3-oxidase, 4 mM for GA 2-oxidase) and FeSO4 (0.5 mM), and substrate GAs (200 ng each of GA12W 53, GA9W 20 or GA1W 4 for GA 20-oxidase, GA 3-oxidase or GA 2-oxidase, respectively). The reaction mixture (100 ml) was incubated for 1 h at 309 C for GA 20-oxidase or GA 2-oxidase or at 379 C for GA 3-oxidase, respectively. The mixture was treated at 659 C for 10 min to stop the reaction. The solution was passed through a BOND ELUTE-C18 reverse-phase cartridge column (1-ml size, Varian, CA, USA). After the column was washed with about 3 ml of water, substances retained on the column were eluted with about 3 ml of methanol. The methanol eluate was evaporated with a gentle stream of dry N2 gas to dryness in vacuo. After trimethylsilyl (TMSi) ester-TMSi ether derivatization with N-Methyl-N-Trimethylsilyltri‰uoacetamide (MSTFA), products were analyzed by full-scan GC-MS, and retention time and identical ion peaks were compared with standard GAs.
GC-MS.
Full-Scan GC-MS analysis of GAs was done using an Agilent 5973N mass selective detector connected with an Agilent 6890N gas chromatograph. The trimethylsilylated derivatives (TMSi ester TMSi ethers) were injected (2509 C) into a HP-1 ms column (30 m×0.25 mm i.d.,ˆlm 0.25 mm, Agilent Technologies Co.). The column temperature was kept at 1009 C for 2 min, then increased at a rate of 309 C W min to 2609 C and kept for 1 min, then at a rate of 309 C W min to 3009 C. The ‰ow rate of carrier He gas was 1 ml W min and MS were acquired scanning from m W z 50 to 750 at 70 eV.
Semi-quantitative PCR. Approximately 10-20 ng of each double-stranded cDNA prepared from diŠer-ent materials was used as a template for the semiquantitative PCR. The PCR reactions were basically done by according to the same procedure as described previously except that the annealing temperature were 589 C for the actin gene as control, 509 C for DcGA20ox1 and DcGA20ox2, 529 C for other genes and extension was done for 40 sec for actin gene, DcGA20ox1, and DcGA20ox2 or 70 sec for others. Cycle numbers for gene ampliˆcation were checked to measure the linearity of the PCR. Conclusively, 40 cycles were used to have relative linear in intensity of bands for these genes. After 1z (w W v) agarose-gel electrophoresis, intensities of PCR products were analyzed by using Scion Image Beta 4.0.2. We adapted expression levels of these genes were calculated after normalization relative to expression of actin gene that was ampliˆed after 23 cycles of PCR as a temporary expedient.
Chemicals. Gibberellin A1 (GA1) was obtained from the culture of fungus, Phaeosphaeria sp. L487. 34) Other GAs (GA4, GA9, GA20, GA34, and GA51) were purchased from Prof. L. N. Mander (Australian National University, Canberra, Australia). Uniconazole-P was purchased from Wako Pure Chemical Ind. (Osaka, Japan). Uniconazole or a mixture of uniconazole and active GA, GA 4 or GA 1 , was added into embryo-induction medium (2,4-D-free MS medium). DMSO treatment was used as a control. Each culture was observed 14 days after the treatment (panel A). More than 4 diŠerent cultures for each treatment were observed independently. Details were described in Materials and Methods. 
Results

EŠects of a GA biosynthesis inhibitor, uniconazole, on the embryogenesis
On the 14th day after the removal of 2,4-D to induce somatic embryos, about 70z of the cell clusters developed into embryos (Table 1, DMSO) . DMSO, as solvent control, did not aŠect the development (data not shown). Treatment with uniconazole (10 -7 M), which is a GA biosynthesis inhibitor, increased undiŠerentiated cell clusters from 32z to 46z and decreased the number of total embryos, heart-shaped embryos, and torpedo-shaped embryos from 68z to 54z, from 10z to 3z, and from 42z to 25z, respectively. (Table 1) . Uniconazole treatment also reduced the size of torpedo-shaped embryos (Fig. 2 , A-Uni and B-Uni). Sometimes, rodor tumbler-shaped small embryos, the cotyledons of which were not fully developed, were also observed in the culture (data not shown). These morphological changes remained at least until 30 days after the treatment (data not shown). The abnormalities caused by uniconazole treatment were almost prevented by concomitant treatment with bioactive GA, GA1 (Fig. 2, A-Uni＋GA1 , and B-Uni＋GA1) or GA 4 (Fig. 2, A-Uni＋GA 4 , and B-Uni＋GA 4 ), although the ratio of heart-shaped embryos was not completely normal with exogenous GA4 (Table 1 , Uni ＋GA 4 ). Active GAs also increased the ratio of normally developed embryos to the control level in the presence of uniconazole (Table 1 , Uni＋GA 1 and Uni＋GA4). These results indicated that GA biosynthesis is essential for carrot somatic embryogenesis.
Isolation of full-length cDNAs for DcGA20ox1, 2, DcGA3ox1, 2, 3, and DcGA2ox1 and 2
By RT-PCR using degenerate primers, two putative cDNA clones for GA 20-oxidase, designated as DcGA20ox1 and DcGA20ox2 ( Daucus carota GA 20-oxidase), three clones for GA 3-oxidase designated as DcGA3ox1, DcGA3ox2 and DcGA3ox3 ( D. carota GA 3-oxidase), and two clones for GA 2-oxidase, designated as DcGA2ox1 and DcGA2ox2 ( D. carota GA 2-oxidase), were isolated from carrot somatic Amino acid sequence for carrot enzymes were deduced from nucleotide sequence of isolated full-length cDNAs. Accession numbers of these carrot enzymes were described in legend of Table 1 . Other sequences used are AtGA3ox1 (L37126),
embryos or suspension cell clusters.
The 5? and 3? RACE were done to isolate the fulllength cDNA by using an adaptor primer and primer speciˆc to each gene. Amino acid sequences deduced from these full-length clones showed highz-identity among each enzyme group (Table 2) . A phylogenetic tree against their amino acid sequences shows that they were classiˆed into three independent groups corresponding to GA 20-oxidase, GA 3-oxidase, and GA 2-oxidase, respectively (Fig. 3) .
Functional analysis of putative GA 20-oxidase, GA 3-oxidase, and GA 2-oxidase Each full-length cDNA was expressed as a fusion protein with maltose-binding protein in Escherichia coli, XL I-Blue. For each enzyme assay, a crude extract from these E. coli transformant was incubated with cofactors and substrate GAs (e.g., GA12W 53, GA 9 W 20 or GA 1 W 4 for GA 20-oxidase, GA 3-oxidase, or GA 2-oxidase, respectively). After incubation, metabolites from these substrates were analyzed by full-scan GC-MS. Both recombinant proteins from DcGA20ox1 and DcGA20ox2 could convert GA12 into GA 9 , and the latter protein also catalyzed conversion of GA53 into GA20. GA9 and GA20 were hydroxylated at C-3 producing GA4 and GA1, respectively by recombinant proteins from DcGA3ox1, DcGA3ox2, and DcGA3ox3. Recombinant enzymes from DcGA2ox1 and DcGA2ox2 converted GA 9 into GA51, and GA4 into GA34, but not GA20 into GA29, or GA1 into GA8. Results for recombinant GA 20-oxidase, GA 3-oxidase, and GA 2-oxidase activities are summarized in Table 3 . It is demonstrated that DcGA20ox1 and 2 encode GA 20-oxidases, DcGA3ox1, 2, and 3 are for GA 3-oxidases, and DcGA2ox1 and 2 encode GA 2-oxidases.
Expression analyses of genes encoding GA 20-oxidase, GA 3-oxidase, and GA 2-oxidase Transcript levels of the GA biosynthesis genes during somatic embryogenesis were semi-quantiˆed by RT-PCR using sets of primers speciˆc to each gene. First-strand cDNAs were synthesized from poly(A) ＋ RNA puriˆed from collected globularshaped embryos (longitudinal lengths are 100-200 mm), heart-shaped embryos (200-500 mm), torpedo-shaped embryos (more than 800 mm) and suspension cell clusters (38-63 mm). Cell clusters (38-63 mm) fractioned and incubated in 2,4-Dcontaining medium were used as a non-organized cell control. Semi-quantiˆcation of mRNA levels of each GA biosynthesis gene was done three times with independent cultured materials. The ‰uctuations of mRNA levels discussed below have been reproducible with fewz diŠerences in all three experiments.
Genes encoding GA 20-oxidases, DcGA20ox1 and DcGA20ox2, were expressed at all time points in the non-organized cultures, and their expression levels peaked at 8-day when globular-shaped embryos grew to their proper size without 2,4-D. After the induction of embryos, mRNA levels for DcGA20ox1 and DcGA20ox2 did not change dramatically (Fig. 4 , B-a and b). In contrast, expression of genes encoding GA 3-oxidases, DcGA3ox1, DcGA3ox2, and DcGA3ox3, drastically changed to show a unique pattern during embryogenesis. A relatively high amount of DcGA3ox1 mRNA was observed in the non-organized control culture just after inoculation. This mRNA level was kept until the day 8 when the cell clusters incubated in the 2,4-D free medium developed into globular-shaped embryos, and then the level was decreased. During embryogenesis, the DcGA3ox1 mRNA levels reached a peak at the globular stage, and then decreased gradually. No DcGA3ox1 mRNA was detected in young plantlets (Fig. 4, B-c) . Strikingly, DcGA3ox2 mRNA was undetectable in the non-organized control cultures, but it greatly increased after the induction of embryos. A small amount of DcGA3ox2 mRNA was detected at the young plantlet stage (Fig. 4, B-d ).
DcGA3ox3 expression was observed just after inoculation, and then decreased at later times in noninduced control cultures. Whereas, the DcGA3ox3 mRNA levels were increased and reached a peak at the heart and torpedo stages, and then decreased in the organized cultures (Fig. 4, B-e) . In the case of GA 2-oxidase genes, DcGA2ox1 and DcGA2ox2, the expression patterns of both genes were similar. The expression in non-organized control cultures was observed in high amounts at an early stage and then decreased. On the other hand, the expression level was relatively constant during embryogenesis (Fig. 4, B-f and g ).
These results showed that genes encoding GA 20-oxidase and GA 2-oxidase had been expressed constantly during embryogenesis, whereas the DcGA3ox genes were expressed speciˆcally in somatic embryos.
Discussion
In our experiments, treatment of a gibberellin (GA) biosynthesis inhibitor, uniconazole, reduced the population of the developed embryos, resulting in torpedo-shaped embryos from 40z to 25z (Table 1) . Also, the size of these torpedo-shaped embryos was reduced to less than half of that of the control (Fig. 2-B) . These abnormalities concerning initiation and maturation of embryos were almost eliminated by addition of active GA, GA1 or GA4, concurrent with uniconazole. Therefore, GA biosynthesis may be required for the proceeding of developmental program during somatic embryogenesis. Both GA1 and GA4 were equally active in normalizing the size of the shrunken embryos in vitro (Fig. 2-B) . However, it is unclear that which GA is the major active GA or whether these active GAs can be converted mutually during somatic embryogenesis. Contrarily, Fujimura and Komamine 10) or Tokuji and Kuriyama 11) showed exogenous GA3 caused Fig. 4 . Expression of DcGA20ox1, DcGA20ox2, DcGA3ox1, DcGA3ox2, DcGA3ox3, DcGA2ox1 and DcGA2ox2 Genes after Induction of Somatic Embryogenesis. Panel A, RT-PCR products for GA 3-oxidase genes ( DcGA3ox1, DcGA3ox2, and DcGA3ox3) and actin gene as control. After RT-PCR, products were separated by agarose gel electrophoresis and were stained with ethidium bromide. Non-organized, embryo-non-organized (non-induced) cell clusters; Organized, embryo-organized (induced) cell clusters. Pl, young plantlets developed from somatic embryos. Lane numbers show days after inoculation: 0-day (just after inoculation into each medium), 8-day (for globular-shaped embryos in organized cell-clusters), 10-day (for heart-shaped embryos in organized cell clusters), 12-day (for torpedo-shaped embryos in organized cell clusters), and 16-day (for young plantlets developed from somatic embryos). Panel B, semi-quantiˆcation of the RT-PCR products for GA biosynthetic enzymes, GA 20-oxidase, GA 3-oxidase and GA 2-oxidase. Intensities of these bands were measured by densitometry, and normalized to divide it by actin band-intensity from same stage. Highest levels of expression show as 1.0 of arbitrary units at vertical axis. a), DcGA20ox1; b), DcGA20ox2; c), DcGA3ox1; d), DcGA3ox2; e), DcGA3ox3; f), DcGA2ox1; g), DcGA2ox2. Lane numbers are identical with that of panel A. These results were based on three independent experiments and each result had reproducibility.
inhibition of somatic embryogenesis in cv. Kurodagosun and cv. Koushingosun, respectively. The eŠect of uniconazole is also contradicted by our results.
11) However, we may have to consider very carefully the diŠerences of cultiver, induction method for somatic embryo, or artiˆcial eŠect of GA3. Noma and his colleague observed a less-polar GA (GA4W 7 ) increase during the embryogenesis. 12, 13) Their results induce us to have an idea that the GA biosynthesis pathway(s) actually works during embryogenesis. Change of molecular species and amounts of those GA should be analyzed for each somatic embryo at diŠerential developmental stages by using modern techniques as our future study.
In this paper, we focused on the ‰uctuation of transcription level for GA biosynthetic enzyme genes to give positive evidence concerning the GA contribution to somatic embryogenesis. To address this purpose, we chose genes encoding enzymes such as GA 20-oxidase, GA 3-oxidase, and GA 2-oxidase at later steps of the GA biosynthetic pathway. Enzyme assays using recombinant proteins from isolated cDNAs showed that these proteins have our objective activities. Then, we analyzed expression pattern of these genes during somatic embryogenesis by using semi-quantitative RT-PCR. Genes encoding GA 20-oxidase and GA 2-oxidase had been expressed constantly in the developing embryo, while GA 3-oxidase genes were increased after the induction of embryogenesis. Especially, expression of DcGA3ox2 was not detected even by RT-PCR in non-organized control culture, but it was dramatically increased after the initiation of embryogenesis (Fig. 4-B) . It is interesting to note that pattern of temporal expression of these three GA 3-oxidase genes were slightly diŠerent during embryogenesis. If the amount of each transcript directly re‰ected its enzymatic activity, these results suggest that bioactive GA levels are regulated by GA 3-oxidase activity through modulating conversion of GA 9 W 20 to GA 4 W 1 . Our experiments using a GA biosynthetic inhibitor, uniconazole, suggest that GA may work to induce and to mature somatic embryos, especially in maturation of cotyledons and hypocotyls (Fig. 2) . Expression of GA3ox1 is relatively high at globular-shaped embryos and its peak is at heart-shaped embryos (Fig. 4, panel B) . On the other hand, GA3ox2-and GA3ox3-transcripts are most accumulated at a late stage of development, torpedo-shaped embryos (Fig. 4, panel B) . These results would indicate that GA is required at two different points, early and late stages of somatic embryogenesis, and diŠerent expression of GA 3-oxidase genes regulates proceeding of embryo-development at those diŠerent stages. However, change of these transcript levels did not demonstrate diŠerences of localization of these mRNAs and W or translationalproducts at tissue-or organ-level. To clarify this point, we are attemptting in situ hybridization and promoter-GUS experiments for these GA 3-oxidase genes. D'Amato's group showed that GA accumulates in large amounts in the suspensor of Phaseolus coccineus developing zygotic embryos. 35, 36) Although suspensor cells can not be found in carrot somatic embryos, it is fair to assume that, at least in carrot somatic embryos, GA production in suspensor cells could not cause axis formation.
Gibberellin inducible phenomena in seed maturation have been analyzed in molecular levels. For example, Diaz et al. reported that HvGAMYB encoding MYB transcription factor binding to GAresponsive cis-element (GARE) 37) is abundantly expressed in barley seed, and in situ hybridization analysis showed that strong signal distributed throughout the developing embryo. 38) These observations also indicate GA has to be required for embryo development the process of which may be similar to somatic embryogenesis.
Our results would contribute to further studies on GA action for development of somatic embryos in carrot.
